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INTRODU CTlON

There is a general need for dab which
can be used to compare the perform.ance of
models and prototypes and extend the range
of usefulness of hydraulic models as all aid
in design. Ordinarily, prototype data are
difficult to obtain and usually the model data
are not in the prototype range of heads or
discharges, which makes direct comparison
difficult. Also, several years may elapse
between model tests and the time the proto-
type is subjected to large flows. The Heart
Butte and Shadehill Spillways, however, op-
erated during the first flood season following
their completions and almost immediately
after the hydraulic model tests were made.
With the test data on the models still fresh
it was possible to obtain prototype data on
short notice that could be compared with
model tests.

This monograph compares the perform-
ances of both the Heart Butte and Shadehill
Dam. morning glory spillway models with the
performances of the prototype structures.
The results of these comparisons add further
proof to the premise that prototype perform-
ance can be predicted with accuracy from
model tests.

Brief discussions are given of the nec-
essary hydraulic model tests conducted on the
scale models to aid in the design of the struc-
tures and to obtain data useful in operating
the prototype structures. Following a de-
scription of the 1950 flood on the Heart River
and the 1952 flood on the Grand River, which
produced discharges of 68 percent and 88 per-
cent, respectively, of the maximum antici-
pated flows, the perform.ances of the proto-
type structures are described.

Direct model-prototype comparisons are
made of spillway performance and discharge
for free and submerged conditions; spillway
air demand; stilling basin performance, in-
cluding erosion downstream from the basin;
and tail-water elevations in the excavated
channel. Photographs and charts a.re used
to illustrate the agreement found between
model and prototype performance.

Certain aspects of the prototype per-
formances which are beyond the scope of
model tests are also discussed. This in-
cludes the effect of ice completely covering

the morning-glory during submerged dis-
charge, the erosion of the downstTeam rive::--
banks, and the effectiveness of the riprap
used on the excavated cham'el banks, The
results of inspections of the spillway tun-
nels and structures following the floods are
also given.

HEART BUTTE DAM STUDIES

Descriution of Pro,lec".

Heart Butte Dam is on the Ileart River
60 miles west of Bismarck, North Dakota,
and is part of the Heart Hive::- Unit of the
IVIissOIlri River Basill Pr'ojed (figure 1). 'T'he
dam is of compacted eartl1 fill with arockrip-
rap cover, rises 135 feet above str-ear:: bcd,
and is 1, 860 feet long. It Serves both Lrriga-
tion a..'1dflood-control purposes, At maximurn
water-surfaceeievatlOn the reservoir wiE
contain 392,500 acre-feet of water collected
from a drainage area of 1,810 square mile's.

Figure 2 shows plan and sections of the
nood-control spillway and of the outlet works,
which, as the transparent model in figure 3
clearly shows, is an integral pcu:..tof the spill-
way structure. The spillway is a morning-
glory type, 32 feet 6 inciles in outs ide diame-
ter. It discharges into an 11-foot diameter
vertical shaft and a 900 diverging elbow that
lead to a nearly horizontal tunnel 14 feet in
diameter and a.bout 800 feet long. Around
the vertical shaft of the spillwa;;- is the en-
trance to the outlet works, wbch discharges
into a 5-foot 3-inch dian1eter tunnel located
directly above the spillway tunnel and from
there into the larger tunnel from above. From
the junction point the spillway tunnel carries
both discharges into the hydraulic-jump still-
ing basin.

The morning-glory spillway is unusual
in that itisdesignedto operate throughout
the range of free discharge, the transition
range between free and submerged discharge,
and up to submergences a.s as 53.7 feet
of water above the ",rest."' The spillwa.y crest
is equipped with six spaced piers
placed radially in plan, but does nothave con-
trol gates of any kind. The outlet works dis-
charge i6 controlled at the lower end of the

*To the author's knowledge, Heart Butte and
Shadehill spillways are unique L'1tr.is respect.

1



outlet works tunnel by a 4- by 5-foot high-
pressure slide gate.

The capacity of the spillway is 5,450
second-feet at maximum reservoir elevation
2118.2. The maxim urn vertical fall from
headwater to stilling basin floor is about 130
feet. The capacity of the outlet works is 650
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FIGURE 2-Plan and sections of the spillway and outlet works at Heart Butte Dam.

within the head box. The two tunnels. in-
cluding the outlet works control gate. the
900 vertical bend. and the tunnel junction
section. were built outside the head box. The
stilling basin and a portion of the down river
topography were constructed within the tail
box. Much of the structure was modeled in

transparent plastic to permit direct observa-
tion of flow conditions.

1, Spillway and pier tests. --Tests on a
preliminary design of the morning-glory spill-
way irdicated that the discharge capacity of the
f>tructures was larger than necessary. Con-

FIGURE 3--The essential parts of the laboratory model of the spillway and
outlet works at Heart Butte Dam were molded of transparent plastic. The
intake for the outlet works surrounds the vertical spillway shaft and the
discharge is controlled by the slide gate. Model scale was 1 :21. 5.
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A--A violent vortex formed Lv; the splilw-ay at heads exceedir,g t:-~e
submergence point. L'1etail of the vortex extended dO;.;Ylward
into the horizontal tu..."'L"1el.

B-Six piers placed ra.dially en the crest reduced the vortex to
negligible size.

FIGURE 4-Tests of the ,r.Grning-glory spill-.:ay model for Heart B-.rtte Dam at a
discharge of' 3,:750 ef's.
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sequently, the vertical shaft diameter was
reduced from 14 to 11 feet. This required
the reshaping of the spillway profile to fit
the vertical shaft, and the installation of a
900 vertical transition bend at the bottom of
the shaft. The discharge capacity was then
found to be approximately correct, according
to the irrigation and flood control require-
ments.

Vortices which formed in the model when
the spillway was submerged, figure 4A, were
thoroughly investigated both experimentally
and mathematically. Since these same vor-
tices could form to scale in the prototype,
attempts were made to eliminate them. Var-
ious arrangements of piers, dividing walls,
and floating and fixed rafts were tested. As
a result, six spillway crest piers were rec-
ommended for use on the prototype, see figure
4B. It was found. unnecessary to extend the
piers as high as the maximum headwater
p.levation, a distance of 54 feet. Since vor-
tex adion diminished rapidly when the head
on the crest approached 14 feet, it was nec-
essary to extend the piers only to this height.

2. Deflector and vertical bend tests.--
Tests to determine the most satisfactory type
of vertical bend showed that a ~$1r~~lQQ,~
joining the ll-foot-diameter shan with the
14-foot-diameter horizontal tunnel had a dis-
tinct advantage because it hE!,Q:YJciE!gg:::E!~tE!!
s~~.~.P~tWE!E!.n...Uw..w.~t.gr.si.lJ,'7f~~~~t11;~ ~.~-
nel crown for:.YE!ntil?:t!ng!hE!Y~rtJ~afbep'g
from th!, atInosPl1ere at the tunn~l outlet.

However, even with this arrangement,
difficulty was encountered in preventing the
horizontal tunnel from filling unexpectedly
when the spillway and outlet works were both
operating. Flow passing through the bend
did not break cleanly from the crown of the
bend. The flow had a tendency to follow the
croVl.'Il throughout the bend, causing a change
in the location of the flow control. When the
control moved downstream the head on the
system increased, causing an incr"~ase in
discharge which filled the tunnel. This, in
turn, caused a: still greater head with a cor-
respondingly greater discharge and resulted
in negative pressures of considera:hle mag-
nitudes on the spillway face. Once the tun-
nel had filled, it was impossible to obtain
open channel flow again unless the head on

the spillway was reduced to a point consid-
erably below where it had filled. To correct
this condition a small deflector was placed
at the base of the vertical shaft on the down-
stream, or crown, side of the shaft, see
figure 5. The deflector accomplished three
things: (I) it provided a positive control at
the base of the vertical shaft and prevented
the tunnel from filling, (2) it had a stabilizing
effect on smaller flows and provided a flat
water surface on all flows passing into the
vertical bend, and (3) it provided a clear pas-
sage for air to circulate as far upstream as
the base of the deflector. The thickness of
the deflector at the base was varied in the
model to determine the size necessary to
exactly meet the discharge requirements at
certain heads since precise tests had shown
that the ll-fpot-diameter vertical shaft was
slightly too large. Spillway flow in the tun-
nel was found to be satisfactory after the
structure had been modified as described.
Figure 6 shows the flow entering, passing
through, and leaving the vertical bend with
the deflector in place. Note the smooth and
flat water surface on the flow entering the
tunnel.
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FIGURE. 6--The deflector at the base of the vertical shaft produced smooth
flow and a flat w~ter surface in this test of the vertical bern at 3,750
cfs. Although the air flow appeared continuous to the eye, high-speed
photographs showed that air entered the flow in bursts. <

3. Outletworks and tunnel junchon
tests. --The outlet works discharge entered
the spillway tunnel from above in a junction
section as shown in figure 7A. The jet in
striking the tunnel bottom caused a "piling
up" of water as shown in the photograph.
This caused no difficulty unless the spillway
was operating at maximum or near maximum
flow. In the high spillway discharge range.
the resistance resulting from the pile-up in
the junction section caused the spillway tun-
nel to fill. which was undesirable.

A longer transition was tested in an at-
tempt to eliminate the rough water at the en-
trance to the main t1mnel. and some improve-
ment was obtained. see figure 7B. With the
longer transition the tunnel did not fill quite
so readily. Other benefits were minor in
nature. however. and it was decided to use
the shorter transition with the operating in-
structions that the outlet works gate be closed
when the spillway was discharging. The
larger transition did not provide sufficient
improvement to warrant its extra cost.

4. Stilling basin tests. --An effective
energy-dissipating device was required in the
stilling basin because of the friable nature of
the material in the river channel and river-
banks. Even moderate erosion tendencies
and wave heights could not be tolerated. Con-
sequently. it was felt that a hydraulic jump
basin would be necessary to provide good en-
ergy dissipation and a smooth water surface
in the downstream channel. The first stilling
basin tests indicated that the main problem
was concerned with spreading the high-ve-
locity water. about 60 feet per second. into
a uniformly distributed sheet suitable for the
formation of a jump. The first attempt to
induce lateral spreading waS by means of a
sudden rise in the stilling basin floor down-
stream from the tunnel portal. It was found
that a hump sufficiently long to produce even
a moderate amount of spreading resulted in an
cxtrelnely long stilling basin structure.
With a basin of reasonable length. sufficient
spreading could not be produced to permit the
formation of an effective jump. The problem
was solved by discharging the flow onto a

6
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FIGlJRE 7--Tests of the of 'tD.e o"L:t1et. \Morks and

Heart BU.tte Dam. at all Gutlet 'W'crks discharge of 8~;O
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horizontal floor about 23 feet long after it had
passed through a transition section at the end
of the tunnel which started the spreading of
the flow, see f,igure 8. The flat floor then in-
duced more spreading before the flow dropped
downward on the trajectory curve. Tests
showed that this arrangement produced good
lateral distribution of flow as far downstream
as the trajectory curve and fairly good dis-
tribution beyond this point. The addition of
hvo low walls, placed so as to div:irle the basin
approximately into thirds, produced excellent
dov.w;tream distribution of flow and an effi-
cient hydraulic jump in the basin. The walls.
which va ied from 3 to 4 feet high throughout
their length. did not extend 1.L1>wardthrough
the flow for high discharges but produced the
desired effect of distributing tile flow from 14
feet wide at the tunnel portal to an ultimate
42.5 feet wide in a horizontal distance of 75
fepl:

Chute blocks and baffle piers were used
to increase the fine grain turbulence in the
basin and thereby reduce the required length
of the stilling basin.

.

The shape of the baffle
piers, dividing wall noses. and trajectory
cU!"Ves weremodified to prov:irle atmospheric

pressures or above on critical areas. since
tests on preliminary designs had indicated
that pressures as low as 18 feet of water be-
low atmospheric pressure occurred down-
stream from sharp corners. The recom-
mended stilling basin is shown in figure 8.

The performance of the developed stilling
basin. was evaluated from erosion tests made
on a. movable bed located downstream from
the model basin and from wave height obser-
va.tions made in the excavated ta.ilrace chan-
nel. Erosion tests were made using a well-
graded sand (100 percent passed. a No.4 sieve
and 3 percent passed a No. 50 sieve). These
tests showed that erosion tendencies were
less severe on the channel bottom than on 'the
sloping sides. Wave action originating in the
hydraulic jump combined with a slight surging
action caused rapid decay of the banks. Every
effort was made to keep the wa.ves and surges
to a minimum, but it was deemed necessary
to riprap the banks of the prototype. Figure
9 shows the performance of the recommended
basin.

5. Spillway air tests. nWhen the morn-
ing-glory spillway was designed, it was an-

8



A-The reco:m:nended bas:L."'1, shown in operation, was redu.ce6. in dirre~sions
to the mL"'l1mum consistent "with acceptabJ..e perfor"ltlll'lce.

~-Al though SOm.E~ erOS2GD 0 ccured, the opera"tionv.,1E.S consideredaccept-
able, since riprap protection w'as to be u.sed irl the prototy--pe. The
model produced the effect shown in a half-nour!s operation.

FIGTJrtE9--Tests of the model stillL'1.g ba.si::. for HeartButte Lfuil at 2. discharge
of 5,600 cfs and at tail -..later elevation 2012.
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ticipated that air introduced into the spillway
discharge at a point just below the spillway
CY'€st might help to cushion the impact of the
f'l.ow passing around the vertical bend. It was
LTD.portant that ur..necessary impact and vibra-
tions caused by the flowing water be elim-

inated' because the entire structure was to
be constructed on sand. I'urtherIl1ore, if
forany reason cavitation should occurinor
near the vertical bend, thepresenceof the
entrained air might reduce the tendency to
dac--nage the concrete tunnel lining. Labora-
tory tests have shown that even very small
au~tities of air introduced into the flow will
delay the appearance of cavitation damage. '"

Model tests on the many devices pro-
posedto increase the entrained air in the flow

*A. J. Peterka, The Effect of Entrained Air
on Cavitation Pitting, Proceedings, Minnesota
Interp..ational Hydraulics Convention, 1953,
1.Jniversity or Min.!resota, ML'1Ileapolis, Minn.

~-~.,~-~
,

showed that only a relatively small amount
of air entered the flow regardless of how the
air-entraining devices were arranged. How-
ever, it was known that air flow in small hy-
draulic modeL'" is uncertain and that a greater
percentage of air can be expected to enter a
simHar prototype structure. The amount of
increase to be expected in the protot:Y'pe is
not known and could not be computed since
the fa.ctors governing the entrainment of air
a~e not known. After tests on many different
model arrangements, it was finally decided
to construct the prototype airvents showni...'1

figure 5 and to provide measuring facilities
in the prototype structure so that air quantity
determinations could be made. Figure (;

shows the vertical bend discharging 3,750
cis with air introduced by the air deflectors
entrained i...'1the flow. To the unaided eYE
the air flow appeared continuous but in the
] /15. ODD-second exposure photograph the air
is seen to enter in gusts. This was more
clearly illustrated L"lthe extremely slow mo-
tion pictures (3,000 frames per second) made
of this condition.

FIGURE 10--Eydrcg:raphs of the fle-cc. OL 1:1:6 Heart River at Hea.rt 3'L1t-r.e DaIrl
ill Ap:ril 195C.
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The 1950 Spring Flood

Preceding the heavy run-off in April
1950, the weather had been cold and the grou.n.d,
was frozen and covered wit.'1 snow. A stiff
wind had blown the snow off the ridges, con-
centrating it on the slopes and in the valleys
of the drainage area. The weather then turned
unseasonably warm, causing a fast melt and
heavy run-off from the frozen terrain. On
April 15, 1950, the temperature reached 800,
and the snow melt caused an increase in the
inflow to the reservoir from 5,000 to 31, 500
cfs on April 16, see figure 10. The high run-
off and inflow continued thrO\Jghout April 17
and most of April 18. The spillway went into
operation on April 17, reaching a peak flow
of 3,760 second feet on April 19 and continued
without appreciable reduction in discharge
through April 29, a period of over 12 days.
The maximum outflow cHscharge represented
68 percent of the anticipated maximum out-
flow, and the maximum reservoir elevation
indicated that 38 per.cent of the flood storage

had been utilized. Figure 11 shows the hy-
draulic data in terms of the spillway eleva-
tions. At the time of maximum outflow, the
spillway crest was submerged 17.24 feet,
making the reservoir elevation 3.24 feet over
the. tops of the spillway piers, see figure 11.
The maximum height of fall, headwater to
tail water, was 72 feet, and the energy enter-
ing the stilling basin amounted to 21,000
horsepower.

The Heart River, on which Heart Butte
Dam is constructed, flows into the Missouri
at MaIxian. North Dakota, about 6 miles from
Bismarck, figure 1. Some flood damage oc-
curred at Mandan, caused primarily by high
water in the Missouri River. Both rail and
highway travel were impossible during the
high water. The Heart Butte Dam undoubtedly
reduced the flood crest in Mandan, but no
figures are available as to extent. The struc-
ture operated as intended and therefore pro-
vided as much protection as was anticipated.

11



Model-Prototype Comparison Tests

It was recognized that model-prototype
comparison data pertaining to the spillway
discharge and the air demand would be par-
ticularly valuable and that comparisons of
the erosion in the excavated channel, wave
heights below the stilling basin, and profiles
below the stilling basin would also be of in-
terest. In the course of recording these data,
other comparisons were made which included
observations on vortex formation above the
spillway and a comparison of the computed
and actual tail-water curves in the excavated
channel and in the river. Water-surface pro-
files in the stilling basin and data on the rip-
rap protection were also obtained.

1. Spillway capad!:y. --During the 1950
run-off, readings were taken each morning
and afternoon on the headwater gage located
in the gate operating house. These are shown
plotted in figure 11. Using the discharge-
capacity curve obtained from the model tests
on the morning-glory spillway, figure 12, an
outflow hydrograph was prepared, see figure
13. On April 17, 19, 25, and May 1 the United
States Geological Survey made stream gage
measurements in the river downstream from
the stilling basin to determine the discharge
of the spillway. During these measurements,
the irrigation outlet works was closed. The
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FIGURE 13--Discr~rge comparison of

Heart Butte modeland prototype.

discharges determined by the United States
Geological Survey, indicated by circles on
figure 13, indicate the degree of agreement
between the model and the prototype meas-
urements. Differences were 4.6, 1.1, and
1.7 percent for the April 17, 19, and 25 de-
terminations, respectively. For all prac-
tical purposes, these points indicate good
agreement between model and prototype dis-
charge characteristics. On May 1 the dif-
ference was 27.4 percent, indicating consid-
erable disagreement. The measurements on
April 17 am May 1 were not made under ideal
conditions. The United States Geological
Survey notes for April 17 indicated that ice
in the channel may have affected the meas-
urements, and on May I, when the greatest
disagreement was found, that a wind was
blowing which might have altered the relation
between the head on the crest and the head-
water gage reading. Another possible cause
for the discrepancy might be the rapidly fall-
ing stage in the reservoir during the meas-
urements on May 1 as iDlicated in the hydro-
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A--On April 16, 1950, the reservoir b..a.drisen to the spillway crest,
elev~tion 2064.5. The upstream face of the dam is at the right.

B--Ice that had formed from leaks around the outlet works control gate
was removed before the spillway operated.

FIGURE 14--Performance of spillway and outlet works at Heart Butte D&'Il.
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graph of figure 13. In general. however. the
agreement between model and prototype dis-
charges is considered excellent. particularly
at the higher discharges, and it is believed
that the rating curve obtained from the model
will adequately serve to determine discharge
values through the prototype morning-glory
spillway.

2. Spillway performance--Free aIld
submerged discharges. --During the model
tests it was noticed that, for certain arrange-
mentsof the structure. the transition from
free to submerged flow and vice versa was
accompanied by violent surging in the vertical
shaft. In some cases the unstable flow condi-
hon existed over several feet of change in
reservoir elevation. A mushroom-shaped
column of water rose and fell in the shaft.
causing excessive splashing" and turbulence.
In addition to giving poor hydraulic condi-
tions it was feared that the prototype struc-
hIre would be subjected to objectionable forces
and vibration. Consequently, the structure
recommended for field construction was de-
veloped by tests to provide a minimum tran-
sition range, 1. e., less than 0.2 foot. The
rating curve determined by model tests, see
figure 12, indicates the definite change from

one type of flow to the other. It was for this
reason that the prototype spillway was closely
observed when the headwater reached the
transition range.

On April 16, 1950. the reservoir had
risen to the spillway crest elevation 2064.5.
Ice covered most of the reservoir area, but
there was some open water close to the spill-
way, see figure 14A. Before flow started
over the spillway, the tunnel was inspected
and ice which had formed around the outlet
works gate was removed, see figure 14B. By
April 17, 1950, the reservoir had risen suf-
ficiently to submerge the spillway and pro-
vide Ii head of 9.3 feet on the crest, corre-
sponding to a discharge of 3, 250 cfs, see
figure 15. Sometime during the night the
reservoir elevation had passed through the
critical region where the flow changes from
free to submerged. Some ice had been dis-
charged through the spillway, but it had caused
no apparent difficulty. On April 18, the piers
were completely covered and the reservoir
was covered with ice, see figure 16A, which
appeared to be about 12 inches thick. A small
amount of trash had collected over the spill-
way and slight movement of the trash was the
only evidence that the spillway existed. The

FIGURE 15--0n April 17 the reservoir had risen to elevation 2073.8, submerg-
ing the spiliway crest to a depth of 9.3 feet at a discharge of 3,250 cfs.

14



A--On April 18 the reservoir elevation was 2080.2, the head on the
crest 15.7 feet, piers were submerged 1.7 feet, and the discp~rge
was ,3,650 cfs. Arrow indicates the spillway location.

B--BW April 21 the reservoir had receded slightly, but water still
stood a foot above the tops of the piers. Spilhm.y at arrow.

FIGURE 16--0peration of Heart Butte spillway with piers suh'Ilerged.
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FIGURE l7--Reservoir elevation had been reduced to 2074.0 April 26.
a.ny disturbance in the morni.TJ.g glory. Discr..arge "'as 3,260 cfs.

Ice hid

FIGURE 18--Spillway discharge "''as 3,090 cfs April 28, and reservoir elevation
was 2071, about 0.7 foot above the point at which flow changes from submerged
to free. The "musr.ro'omll surged no more tr..an a few i.'1che s.

16
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FIGURE 19--With the reservoir elevation at 2068.6 on April 30, the spillway
was discharging freely at a rate of 1,600 cfs.

reservoir continued to rise throughout April
19, but on April 20 it started to recede. On
April 21 the reservoir was still a foot or so
above the piers. see figure 16B. The ice was
breaking up fast and the wind was shifting it

around the spillway area. Regardless of
whether ice or water was over the spillway
entrance. the operation was satisfactory.
with no evidence of serious vortex actiOn.

On April 26. with the reservoir at ele-
vation 2074 and the piers again visible. op-
eration was also satisfactorv. see figure 17.

The reservoir was down to elevation
2071 on April 28, or about 0.7 foot above the
point where the flow changes from submerged
to free discharge. see figures ~8 and 12. The
photograph. indicates the mild condition inside
the spillway. There was no pulsation or
rising and falling of the "mushroom."

On April 29. the reservoir had fallen to
O. 8 foot below the critical submergence point
and although the "mushroom" was lower in
the shaft. it was still stable with no rising
and falling evident. Again.the flow had passed
through the critical range during the night
when photographs and observations were Un-

practicable. Indications are that the proto-
type submerged at the headwater elevation
shown by the break on the curve of figure 12
and that the change occurred abruptly as in-
dicated on the model curve.

The spillway was discharging freely on
April 30. (1.600 cfs) with reservoir elevation
2068.6. see figure 19. No'spray emerged
from the glory hole at this or lower heads as
has occurred on some other glory hole spill-
ways.

Throughout the flow range. no vibration
was noticeable in the structure. Several ex-
cursionswere made down into theoutlet works
gate access well while the spillway was op-
erating. Efforts were made to detect vibra-
tion in the structure by feeling the various
parts of the structure. but no vibration could
be detected. Also. from a location on the top
of the dam or from the reservoir ba.nks. no
"noise" could be detected. The outlet works
gate was opened and closed on April 21, 1950.
No noise or vibration was evident during this
operation.

One year later the spillway again went
into operation, reaching a m~Yimum reser-

17



FIGURE 2D--On March 27, 1951, the reservoir stood at elevation 2070.0, about
0.2 foot below the sulEJergencf.> point. Ice thickness oi' 36 L"lches in Feb-
ruary had caused no operatL'1.g dii~ficclti6S~ Discharge wo-s 2,650 cfs.
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voir elevation of 2075, or about 7 feet less
than occurred in 1950. On March 27, 1951,
the reservoir was at elevation 2070, see fig-
ure 20, about 0.2 foot below the submergence
point. Again the operation was satisfactory
with no visible difficulty despite t.'1e fact that
on February 15, 1951, the ice in the reser-
voir was 36 inches thIck.

3. Spillway air demand. --Measurements
were mad"e in the model to determine the
quantity of air being entrained by the spill-
way discharge as it passed over the air-en-
training deflectors located on the spillway
face just below the spillway crest, see figure
5. Air-flow measurements in the model were
made using a 3/B-incb-diameter sharp-edged
orifice connected to a differential water ma-
nometer. All air entering the model passed
through the orifice before entering the venting
system. Since the differential was extremely
smallfor the air quantity flowing inthe model,
a specially constructed gage was used which
multiplied the actual differential so that more
consistent rea,dings could be obtained through-
out a series of tests. The gage was calibrated

to provide reasonably accurate air measure-
ments, but COlIsistency was considered more
important than absolute accuracy.

At the time of prototype construction,
pipe was extremely difficult to obtain on short
notice. Since the model tests continued
throughout most of the construction period,
only a small amount of pipe and special fit-
tings could be provided for measuring sta-
tions in the prototype. Thus, the data ob-
tained from the prototype are not sufficient
to determine pressures in various parts of
the venting system, but do indicate the quan-
tHy of air flow in the prototype for various
spillway discharges.

The air quantity flowing in the prototype
vents was determined by measuring the air
velocity with an anemometer hand-held in the
18-inch-diameter air vent pipe. Air velocity
determinations were made in one of the ver-
tical pipes contained in the wall of the gate
operating housE" and in one of the horizontal
pipes just upstream from the point where it
emerges into the tunnel junction section. see
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FIGURE 22-Air demand curves for model and prototype for varying discharges.

figure 21. Concurrent ..lth the air-velocity
measurements, pressure measurements were
made on the other horizontal air vent using a
U-tube contaiIUng water for an indicator. The
pressure-measuring station is also shown in
figure 21.

Air flow in the prototype was not smooth,
as evidenced by the so1.mdof the air flow and
from the difficulty experienced in holding the
anemometer steady. There was chance for
considerable error in anyone anemometer
measurement and so several determinations
were made for each flow in both the vertical
and horizontal vent pipes. Readings were
taken until the observer was satisfied that a
true average had been obtained; a consistent
set of readings over a period of 10 or more
minutes was obtained. The anemometer re-
corded lineal feet of flow which. when divided
by the elapsed time, gave the air velocity in
feet per second. Each observation lasted
about 2 minutes so that the average velocity
of air flow was that occurring for a testing
time of 6 to 12 minutes. Pressures meas-
ured in the U-tube also indicated that the air
flow was not steady. Differentials varied

from plus to minus, .but an average pres-
sure reading was easier to obtain than was
the air velocity.

The results of the air quantity and pres-
sure determinations are plotted on figure 22.
The percentage of air entrained in the spill-
way discharge, for both model and prototype,
showed a decrease as thedischarge increased.
In this respect the model predicted the per-
formance of the prototype. The prototype,
however, entrained roughly four times as
much air as was predicted by the model. In
this respect. also. the prototype performed
as anticipated except that accurate predictions
of how much more air the prototype would
entrain could not be made from the model

'tests. Where the model showed air entrain-
ment of 5.5 percent of the water discharge
for 1,000 second feet of spillway discharge,
the prototype showed 20.5 percent. For 3, 600
second feet the model showed 1. 9 percent and
the prototype 7.7 percent.

The points from which the curves of fig-
ure 22 were drawn are also shown in the fig-
ure. The prototype air demand curve was not
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drawn through the points for 2, 500 second
feet because the pressure values, which were
considered more reliable, indicated that the
curve should be drawn below the velocity
points. Moreover, the shape of the curve
was then similar to the model curve which
was based on very consistent data. To fur-
ther prove the validity of the shape and values
of the prototype air demand curve, computa-
tions of air flow were made using the meas-
ureel pressm-es, assuming that both vent pipes
carried equal quantities of air and using the
usual losses for bends, friction, inlet, etc.
The computed values were found to be in fair
agreement with those shown in figure 22.

4. Stilling basin performance. --The
performance of the stilling basin was satis-
factory in every respect and, furthermore,
it performed according to the predictions
made from the.model tests. A general view
of the basin and surrounding area is shown
in figure 23.

Water leaving the tunnel appeared to be
fully aerated and at the approximate depth
indicated in the model studies, see figure
24A. The entire basin contained extremely
turbulent water, see figure 24B, and was

long enough to obtain the full jump height be-
fore the flow entered the excavated channel,
see figures 25A and 25B. At times consid-
erable amounts of spray shot into the air, at
a point where the outflow from the tunnel
plunged beneath the tail water but most of the
spray fell back into the basin. The smal1
amount of spray which fell adjacent to the
basin caused no difficulty. Much of the time
the flow entered the basin smoothly as shown
in figure 25A. Flow leaving the basin had a
relatively quiet water surface with few meas-
m-eable waves, figure 25B. There were long
period swells, however, with a maximum
height of 12 to 18 inches which were caused
by pulsation in the stilling basin. The dis-
turbances below the stilling basin were simi-
1ar to those noted during the model tests.

Water-surface profiles were measured in
the prototype for discharges of 3, 700, 3, 300,
2,350, and 1,050 cfs. These are shown :in
figures 26 and 27, along with the profile ob-
tained during the model tests for 5,600 cfs.
Although no exact comparisons can be made,
the prototype profiles seem to be in good
agreement with the model profile. If differ-
ences do exist, they are probably due to the
greater air entrainment in the prototype.

FIGURE 23--0utflow at 3,250 cfs, about 58 percent of capacity.
basin effectively dissipates the energy of the discharge.

The stilli!1g
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A--Flow G118 basin wH,S .\f!f:1...i, s.(;':~'ated and 'Welldistributed
across the b&si:: ';,'"~L.'1tL"

B--Profile of the hj"liraulic
the basin 1.Jas &lGotL and

along the wall. Floi'[ leaving

FIGlJRE 24-Performance of the stillhg basin at a discharge of 3,600 cfs.
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A--Dividing
walls, submerg-
ed here, were
effective in
spread ing flow
to entire
basin w:Wth.

B--Flow leavingthe basin r..adswells and boils, but no chopPY;''aves.

FIGURE 25--PerformaIlce of the still:L.'1g basin at Heart Butte Dam in dissipating
energy of discharge at a flow of .3,600 cf:J,
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1his would make the prototype profiles slightly
higher than those in the model for the same
discharge.

5. Erosion downstream from stilling
basin. --Erosion tests in the model indicated
tiiat"the channel banks just downstream from
the stilling basin would be subjected to greater
erosion forces than the channel bottom and
that rock riprap would be necessary in the
prototype to prevent bank damage. The chan-
nel bottom was shown by the model tests to
be relatively free from erosion tendencies
and no damaging erosion was expected there.
As a precaution, however, because of the
fine-textured friable material composing the
channel, rock riprap was used in the proto-

EI.2017 ,,-Model-5600 cfs.

---

type channel bottom. No riprap was used in
the model tests.

Before the run-off in the spring of 1950,
cross sections had been taken in the proto-
type channel on May 31, 1949. Following the
1950 run-off, cross sections were again taken
on June 15, 1950. Cross sections for both
dates at a station located just downstream
fromthe eIrl sill and at a station 50 feet down-
stream from the sill are shown in figure 28.
These typical sections show the maximum
erosion depth to be less than 12 inches. Close
to the end sill there is no significant erosion.
Using all the cross sections taken, see fig-
ures 28 and 29, calculations indicated that
less than 20 cubic yards of material was

,~Apri I 26 -3300 cfs.

Apri I 29 -2 350 cfs~'
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FIGURE 27--Profiles of comparative discharges of model and prototype spillway.
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A--SweJ..ls eroded fine rns.t61'i::l f:r'om tx}hin:j the coarse
l.eft bank of the excav5~ted cr..a.nnel below the stillircg baEd..D..

t.X16

~~'

B--Erosion e...LS(\ ~CC1Z'I'e(: a..LCr::[ t,ne X'lght, Dsn.L neaT .the j.:.:rlcc.br:. of the
natural river Cnei.::Ule..L s.f.\d the 8X2.s.vE.tec. cbunn?} helo",.;- th~~~ b&SL".L.

FIGtlHE 3G--Erosw:::. C-.>. the exca7Ets;d ctJRn.r1.8..:- c..c\.tns"'G:reaID. i"roll. th'2 basin.
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eroded and removed from the ch:umel bott0m
during the entire run-off.

The channel banks, despite their riprap
cover, were eroded to a grenter degree. The
riprap, however, had been placed in a thin
layer, was not weE graded as to size, and
in places the earth banks could be seen be-
tween the individual rocks. Swells were
observed to rise over local areas and pene-
trate very easily into the large voids. VVllen
the water receded, some of the earth was
removed from behind the riprap. This was
evidenced by the darker, earth-colored water
which could be seen adjacent to the riprap.
After several days of spillway operation, the
riprap had slumped and the earth banks had
caved as shown in figure 30. In spite of the
apparent damage tothebanks the riprap still
continued to provide a good mea.sure of pro-
tection against further cutting.

The bank damage was caused primarily
by swells originating from surges in the hy-
draulic jump, and not bv waves of the ordir..arv
variety, since these ~ere only <; matter ;r
inches in over-all height. The model stilling
basin had been equipped with baffle piers and
chute blocks to reduce the over-all length of
the stilling basin and decrease its cost. It
had been noted during these and ot.her model
tests that when a hydraulic jump is reduced
in length by the use of artificial devices such
as baffle piers that the jump becomes more
stable in most respect.s, but it does exhibit
a tendency to produce the swells discussed
above. The swells are considered the lesser
of the evils, however, and a.re not i:rnpossible
to cope with. With a thicker application of
well-graded riprap, there probably would
have been no damage.

6. Tail-water elevations. --The topog-
raphy in the model tail box included the exca-
vated channel but did not include, any portion
of the Heart River Channel, see figure 9.
Tail-water elevations were set by means of
an adjustable tail gate located at the end of
the model using a computed curve, tail-water
elevation versus discharge, for the Heart
River. The excavated cha..'1Delwa.s designed
so that the tail-water elevation in it would
be essentially the same as that to be ex-
pected in the river channel. The tail-water
curve used in the mode~ tests andshown in
figure 31 was computed lor a point located
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200 feet downstream from the axis of the dam
in the Heart River.

During the prototype operation it was
readily apparent that the tail-water elevation
in the river was considerably lower than tha.t
in the excavated channel. Water entering the
river from the channel had a steep surface
slope and a much higher velocity than antici-
pated, see figure 32A. Observations, how-
ever. were not sufficient to establish whether
the tail water in the channel was too high or
that in the river too low. Levels were run
to determine the tail-water elevation at four
separated points for five different discharges.
The location of these points, together with
the tail-water elevation and discharge, is
shown in. figure 31. These values are plotted
below the tail-water curve used in the model
tests. These data show the computed tail-
water curve to be 2.3 feet higher at 1,000
second :feet and. 4.1 feet higher at 3,600 sec-
ond feet than the actual measured points in the

Heart River. Tail-water elevations meas-
ured in the excavated channel more near Iv
coincided with the computed curve, but;t
3,600 second feet the elevation at Point C
figure 31. taken in a quiet area adjacent t~
the wing wall at the end of the apron, was 1
foot below the computed curve. Elevations
aotained from water-surface profiles taken
along the basin center line agreed with the
computed curve, but only because they in-
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A--The 4-foot difference in elevation between the flow in \,~.le excavated
and natural char.w."1.elsat 3,700 CIS tlcceleratcd the d'::"8~.:tlL:!'g(;t

E--Tb.e higb-velocit~J discharge into the natural c.canne.l se"t up a. back:
eddy that. damaged the river bank upstream from the point of' impact.

FIGlmE 32--Flow conditions at the j~~ction of the excavated and natural channels.
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FIGURE 33--loss of ban.i{:material through erosion during the 1950 flood is readily
apparent. The eddy sho'Wl1 in figure 32-3 caused this damage.

cluded the boil height at the erld of the apron,
which was slightly higher than the adjacent
tail water.

The model stilling basin was tested. to
determine the permissible reduction in tail
water before the jump would be swept off the
apron. In the model it was possible to lower
the tail water only 3 to 4 feet before the jump
was swept out for the maximum discharge of
5,600 second feet. S"ince the tail-water ele-
vation in the Heart River is 4.1 feet lower,
at a discharge of 3,600 second feet, than the
computed tail wq.ter, it is imperative that a
close watch be kept on the excavated. channel
to prevent damage which might lower the tail
water to the level of the Heart River. If this
should happen the jump will undoubtedly sweep
out: and the apron will operate as a flip bucket.
Since the structure is not designed for this
type of operation, damage could result.

7. River erosion. --The difference in
water levels between the excavated channel
and the river was the cause of the high-ve-
locity flow entering the Heart River. Water
leaving the stilling basin was of relatively
low velocity and would not have caused ill
effects as it entered the river, see figure
25B. The 4-foot difference in elevation, how-
ever, caused an increase in velocity which

proved. to be sufficient to cause considerable
damage to the unprotected riverbank down-
stream, see figure 32B. Some of the damage
was caused by the direct effects of the cur-
rent flowing diagonally across the river and
cutting into the far or left bank. A great
share of the damage, however, was caused.
by a large induced eddy in the river, see
figure 32B. This eddy caused. an upstream
current along the left bank which removed
large volumes of material from areas con-
siderably upstream from the point where
the main flow impinged on the bank. Although
the damage was considerable in extent, it
had no ill effects on the structure or its op-
eration. Riprap placed in the eroded area
will prove of value, however, since the dam-
age would become greater with each succes-
sive run-off and the end result would be dif-
ficult to predict. The bank damage is illus-
trated in figure 33. A comparison of figures
23 and 34 shows the extent of the bank dam-
age which occurred between the start of the
run-off and May 5, 1950.

8. Inspection of structure following
1950 and 1951 floods. --An inspection of the;
spillway conduit was made following the 1950
flood and again following the 1951 flood. Cer-
tain findings are of interest and are discussed
herein.
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The conduit inspection, in both instances,
revealed that the concrete was in excellent
condition with the exception of four small
eroded areas located in the 900 bend. Fol-
lowing the 1950 flood, plaster casts were
made of the two most prominent areas. These
are shown about full size in figures 35 and
35. The largest area is about the size of a
manls haIld a..'1d by actual measurement has
a maximum depth of erosion of 3; 4 inch. The
smaller area shows a maximum depth of
1/2 inch. The surfaces shown in., figures
35 and 36 were molded in sponge rubber a-
gainst the plaster casts made in the field
and are therefore an exact replica of the

tunnel surface followL'1.g the 1950 flood.

These areas are located near the invert
and near the bottom of the 900 bend. Con-
struction timbers or ice falling into the shaft
could have caused the surface damage shown.
Persons who have viewed th.e rubber casts
have been of the unanimous opinion that the
damage was not started by cavitation.

Following the 1951 flood, these areas
were again noted. There did not appear to
be any marked change in these areas as a
result of the 1951 spring floods. No repairs
were believ~d necessary.

Inspection of the riprap downstream
from the stilling basin, following the 1950
flood, indicated that repairs would be ad-
visable. The slumped riprap in the channel
immediately downstream from the stilling
basin structure was repaired in May and
June 1950. Gravel backfill was placed on
the slopes to bring them to grade and rock
replaced. over the graveL The eroded river-
bank just downstream from the end of the
riprapped channel was sloped and covered
with gravel and rock.

SHADEHILL DAM STUDIES

Description of the Project

Shadehill Dam is a part of the Missouri
Basin Project and is located near Lemmon.
South Dakota, on the Grand River a tributary
of the Missouri. Figure 1 is ~map of th~
general area. The dam was constructed to
provide irrigation and flood control benefits
and is similar in many ways to Heart Butte
Darn.

Shadehill Darn is a compacted earth-fill
structure, rising 125 feet above the stream
bed to elevation 2318. At normal water sur-
face elevation the reservoir contains about

FIGURE 34-Extent of dow-nstream erosion can be seen by comparing this view after
the flood had receded withfigure 23, at the height of the flood flow.
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FIGURE 35--Eroded areas in the 90° bend subsequent to the 1950 flood were four
in number. Tnis, the deepe st, is shown by a cast made in the bend from the
actual depression. Erosion was 3/4 inch deep. Tne illustration is full size.
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FIGu73 36--Another of the eroded areas is also shown full size. Jepth of
erosion here ""'as1/2 ir.:ch.The 1951 flood did not extend the size or
depth of the eroded areas.

130,000 acre-feetofwater and at maximum
water surface elevation it contains 480, 000
acre-feet. The drainage area is 3,070 square
miles. The service -spillway is a morn:ing-
glory type which discharges into a horizontal
tunnel under the dam as shown in figure 37.
The emergency spillway on the left abutment
is a saddle 1, 500 feet wide excavated. to ele-
vation 2297, which is 21 feet below the top
of the dam. .An expendable earth dike, 5 feet
high, was constructed across the saddle to
prevent mmecessary small flows through the
emergency spillway. It was expected. that a
large flow -would overtop the dike and wash
it out.

An outlet worKs for release of irrigation
water is located. near the left riverbank. Since
the outlet works has no physical connection
with the spillway and was not in operation
during t..>teprototyPe tests, no further men-
tion of it will he made in this report.

As at Heart Butte, the morning-glory
spillway is designed to operate throughout
the range of free discharge, the transition
range between free and submerged discharge,
and for submerged flows as great as 40 feet
of water above the crest. Likewise the crest
is uncontrolled but has six equally spaced
piers placed radially in plan to reduce vor-
tex action (figure 38). The spillway has an
outside diameter of 33 feet, 8 lnches. Its
crest elevation is 2272. 00. Its capacity is
5,000 second-feet at normal reservoir ele-
vation 2297.0, the elevation of the emergency
spillway crest. At maximum reservoir ele-
vation the spillway capacity is about 5, 700
second -feet.

The spillway crest profile merges into
a short vertical shaft with a small deflector
at its base, then into a 90° vertical bend. The
bend leads into a horizontal tunnel 13 feet 6
inches in diameter and 520 feet long, which
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terminates in a hydraulic-jump-ty-pe stilling
basin. An excavated channel about 1,400
feet long conducts dischc"lI'f!es from. the sti!.l-
ing basin to the Grand River, Figures 37
and 38 show the general feature,; of the spiJ.l-
way.

The stillin;:; basin contaIns C::t€ row each
of chute blocks and baffle piers and an end
sill (figure 39). Spreader wal"," were not
used in the basin. The maxim 1ZC,vertieal
fall from headwater to stilling ;)35ix\ floor is
about 130 feet, which is the sa..'7le as at Heart
Butte.

The spillway approach. spillway, tUIll".!el,
stilling basin, and a portion of the dcwr:stream
channel were tested and dcveloped ,1Sing a
1:20.73 scale model. see figure 40.

Su.-rnmary of Model Tests

1. The model. --The Sha.dehiH
model tests were made soon after th.e Hcart
Butte tests and since the .struct1,;res were
similar in many respectL, TIear: Butte.
'nodel was modified for the Sha.derJll tes!s.

The Shadehill studies were of the same
general nature as the Heart Butte studies,
and generally similar recomrnendertion.s were
made. The several important differences
that do exist between the structures are dis-
cussed below.

2. Spillway air tests. --The air-entrain-
ing device used on the Heart Butte spillway
was not used on the Shadehill spillway. On
the Shadehill spillway, however, an la-inch
air vent was placed near the base of the de-
flector in the vertical shaft (figure 38), to
supply air to the upstream end of the hori-
zontal tunnel. The vent was located near the
crown of the tunnel and supplied air to the
space between the surface of the wa.ter and
the tunnel crown; t..'1us no air was intr{.x:!.uced
into the flowing water. The purpose of the
vent was to reduce the possib:!Uty of lo','! pres-
sures occurring in the upstream end of the
tunnel in the event that sufficient c.ir did net
flow upstream from the hmne1. portal. This
vent was not constructed in L"temodel since
it was not considered ahsojuteJ~c necessary
for satisfactory operation. TLe decision to
install the vent inthe prototYP€was rna.de
after the model tests bad br.-en completed a:.1J:i
it was installed as a prec~.utiDnar:y measure.

3. Stilling basin tests. --Tests on the
stilling basin were sunilar to those described
for the Heart Butte basin except that it was
fo1lIld Lh..atspreader walls were not essential
to good distribution in the basin. The lower
angle of divergence in the basin was probably
tJ:1e facter that made the walls urmecessary.
J\tlodel tests wer,,, made both with and without
the waUs in place and the tests showed that
satisfactory distribution of the flow across
the basin. width was obtained without the di-
vidi~,; walls. Figure 41 shows the model in
operation.

During the final tests to develop the most
economical stilling basin, a question was
ra(seQ. as to whether the basin might be short-
cned an. additior",,"ll14. feet. Tests were made
on the shorter basinand its use in the proto-
type was considered. However, at that time
it was decided that the longer basin would
provide hetter protection. Therefore, most
of tbe final data were taken on this basin
(figur<;: 39). After the model had been par-
tia1iy dis~led, the question was recon.sid-
",red and it was decided touse the shorter
basin in the prototype. Thus, the graphic
model-protot"'.fpe comparision.s of the stilling
basin performance are not exact but are still'
vaiuabJ.e in indicating model-prototype con-
formance.

1952 Spring Flood

The cause of the flood in 1952 at Shadehill
Was similar to that at Heart Butte in 1950.
Unseasonably warm weather following unu-
sually heavy snow caused rapid melt and run-
off. The rapid rise of the reservoir started
on March 31 and continued for 10 days (fig-
ure 42). On April 10 the spillway crest was
s1imlerged 26 feet and 66 percent of the maxi-
mum water storage (84 percent of the storage
below the dike crest) had been utilized. The
rise during this period was a total of 46 feet
to elevation 2298. The ma~mmn inflow was
33, 250 second-f~t (figure 43). It was feared
for ;2. time that the expendable earth dike
ac:..-oss the emergem:y spillway would be over-
topped. After the snow disappeared from
the ground, however, the inflow was sharply
redm:~ed and the reservoir reached a maxi-
mum heiE!ht of about 1 foot above the base
of the dike. The dike thu.s proved to be of
value in preventing unnecessary discharge.

The morning-glory spillway went into
operationon AprE 4. Maximum discharge

~~
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was 5,020 second-feet on April 10 (figure
43). Extensive data were taken on the grad-
ually decreasing discharge until May 7, when
the flow was 800 second-feet. Spillway flow
continued for several more weeks, however,
before ceasing altogether. 'Ll'1e spillway was
'thus in operation at appreciable discharges
for more than a month, which provided a
good opportunity to obtain data on the per-
form.ance of the structure and ample tline
to evaluate the effectiveness of the stilling
basin and riprap protectiOn in the excavated
channel.

The greatest spillway discharge during
the flood represented 88 percent of maxL'YlillIl
spillway capacity, while the highest reser-
voir elevation during the flood indicated that
66 percent of reservoir storage had been
utilized. For theseconditi.ons the spillway
crest was submerged 25. H feet and the tops
of the piers15.9 feet. The maximum. head-
water to tail-water fall was 9.:t 9 ieet and the
energy entering the stilling hasin amounted
to about 40, 000 horsepower.

Model-Prototype Comparison Tests

Data on the performance of the Shadehill
spillway were taken to compare model and
prototype performance a.t1d to evaluate the
performance of the entir'e prototype struc-
ture. Model-prototype comparison data were
taken on spillway discharge, vortex action
for submerged flow, head losses through the
structure, water surface profiles in the still-
ing basin. and erosion below the stilling basin.
Other data, taken to evaluate the performance
of the structure, included wave heights, w.ater
surface profiles in the excavated channel,
comparisons of the predicted and actual tail-
water elevations, and the effectiveness of the
riprap in preventing bank erosion.

1. Spillway capacity. --Headwater ele-
vations were taken daily at 9 a. m., using
the headwater gage located in the outlet works
gate operating hou.'se. Heservoir elevations
throughout the flood period are plotted in
figure 42. An outflowi:ydrograph (figure 45)
was prepared, using the 1'Lsen/Oir elevations
and the discharge-.~apacity Clirve obtained
from the Inodel. The 13cnarge
curve is shown in 44 On the dates
shown by the clrcle;;; in ;~ure 45 the United
States Geological Survey made current meter
measurements in the river downstream from

the excavated charmel to get an independent
check on spillway discharges. The circled
poiIlts show the river discharge obtained
from the current meter traverses; the fig-
ures adjacent to the circles indicate the dil-
ferences in percent betv,'een measured dis-
charges and those predicted by the model
tests.

The agreement between predicted and
measured discblrges is considered excdlent.
The average variation from the model cali-
bration curve is only 2. 7 percent for the 12
measurements made by the United States
Geological Survey. In eight instances, the
stream gaging measuremenis were less than
the discharge predIcted by the model. The
2verage variation was 2.2 percent. In the
feur inf,tanr:,,~ wherE' thE model predicted
less water L~an was actually measured, the
average variation waS 3.6 percent. Since
both plus a.nd minus variations v/ere srnallt
a!ld since the 12 Inea:S'i:~','Tnents c:overed the
discharge uniforrn.,y from GOOto 5,000 sec-
ond-feet during both the :risin,; and falling
Etages, it can be (concluded that the model
was capable in every respect. of accurately
predicting prototype d5.scharges.

2.. Spillway performance--submerged
and free discha.r:"es. --As discussed for the
Heart Butte ti';'.t'~ the model was designed
to p::ovide a minimillIl transition range, 0.2
foot, between free and submerged flow, or
vice versa. The prototyne tests indicated
that this raJJge was not exceeded by an appre-
ciahle anlount; and~ from evidence available,
the transition inflo,,,occurred without inci-
dent. As at !leaI' Butte, however, the flow
transitions occurredwHhout eyewitnesses.
The rate of rise was so rapid during the filling
cycle that field personne: cacid not be alerted
in time to make the obse:::-vatiol1. During the
draining cyele the flow ch~mged from sub-
r:nerged to free du:ring the night.

At 2: 30 a. In.
>

on May:::', however. the
U. S. G. S. gaging station recorder, located
in the downstre2.J."T] river chan.'1E'1, started to
change slope, indicating a reduction in dis-
chargE not attr;,}Jutahle to the uTIiformly de-
creasing hpuri. Whcn the slope change started,
the headwater WB.3~lt e1evation 2276.. 96.8 which
is be c1evatior :1! which l11.odd indicated
that free discharge wou.ld begm (figure 44).

Figure 46A is )l photograph of the spill-
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A--Submerged fIow at heaa'iater elevation 2277.2, 8.oo:.:t 0.3 foot a-oove
free discharge POL'1t. About 7 :00 P. nl., jvi,ay1, 1952.

B--Discharge changed to free flow during the night. At headwater elev-
ation 2276.7, it is about 0.2 foot below free discharge point.

FIGDhE 46--~Tansition from submerged to free flow at Shadehill Dam.
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FIGURE 47--T'ne vortex was continuous and did not shift laterally' more than a fe,;
feet. There was no unusual noise. Tree trunk was 18 to 20 inches in diaJneter.

way taken just before dark on May 1. The
headwater elevation was 2277. 2 or about (). 3
foot above the free discharge point. The flow
was smooth with no apparent pulsation, even
though the "mushroom" had started to recede
in the shaft. Early the next morning another
photograph, figure 46B, was taken with head-
water at elevation 2276.7. or about 0.2 foot
below the free discharge point. The flow was
free with no column of water visible in the
shaft. The three elevations discussed above
are plotted on figure 44 as Points A, B, and

C. and indicate that the prototype perform-
ance was exactly as predicted by the model.

3. Vortex action and effect of ice.--
Observations of the vortex formation during
submerged conditions were of interest be-
cause they provided an evaluation of the effec-
tiveness of the spillway piers in reducing
vortex action. Model tests had shown that
piers 14 feet high would provide the optL'l1Uffi
reduction in vortex action. Taller piers had

little additional effect in reducing vortex
action while shorter piers were less effective
in reducing vortex action. The appearance
of the model in operation with and without
spillway piers was practically identical to
that illustrated in figure 4 for Heart Butte
Dam.

The vortex observed at Shadehill Dam
was somewhat larger (estimated to be twice
the diameter) than expected for piers 14 feet
high. For structural reasons, however. the
prototype piers had been reduced to 10 feet.
Undoubtedly this was the reason for the larger
vortex observed. The vortex is shown in
figure 47. Its size may be estimated by com-
paring it with the 20-i.11.ch diameter tree trunk
lodged against the spillway. It is believed
that the vortex would have been several times
larger without piers.

On April 17, reservoir elevation 2293.2,

the reservoir was covered with partially
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A--Spillway area. covered withdecaybg sheet ice about 4 L'1ches thick.
:t>!ornL'1gglory is to right of tilted oil drum.

B--Sheet ice was broken up IL"1d discharged through vortex, keepbg area
arou11d spillway free of ice.

FIGURE 48--Effect of ice on the vortex action of the Shadehill spillway.
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decayed sheet ice about 4: to 6 inches thick
(figure 48A). In the vicinity of the spillway
the ice appeared to be in continual vertical
motion. Ice partic~es seemed to be rising
and falling and to be causing a tinkling sound
which could be heard plainly on top of the dam.
It is believed that the partially decayed ice
was being subjected to compressive forces
by the convergi,'lg flow, causing the ice to
shatter and splinter. Other action over the
spillway was so mild, however. that it was
difficult to find the spillway location from
the appearance of the reservoir surface. On
April 18 the reservoir was 0.2 root lower
and a fairly large area near the spillway was
free of ice. A vortex was evident at all times,
see figure 48B. The vortex was stable and
did not change its location laterally more
than a few feet during the entire day. The
model vortex was less stable in this respect,
being in lateral motion ahnost continuously.
This lateral movement of the vortex in the

model may have been. caused by the greater
amount of turbulence in the flow approaching
the model spillway.

Occasionally an ice sheet drifted over
the prototype vortex opening, causing the
vortex action to stop momentarily. But after
a few seconds" the ice sheet would disinte-
grate and fairly large pieces of ice would be
carried down by the vortex. The vortex re-
sumed its normal action when the entire sheet
had been broken up and discharged through
the spillway.

The strength of the vortex was demon-
strated by the ease with wbch the large sheets
of ice were broken and discharged through
the tunnel. T11is strength was also manifested
whenit was found that several of the 50-gallon
drums used as floats to hold the safety boom
in place around the spillway had torn loose
from their moorings and had been passed

FIGURE 49--At headwater elevations above this point, elevation 2284.9, vortex

action was continuous. The vortex is partially hidden by a pier strut.
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FIGURE 50--At headwater elevation 2283.6, vortex action was sporadic, with
surface waves a few inches high su£ficient to stop the action.

through the vortex and discharged through
the tunnel. Two of the drums had caught in
the branches of two partially submerge'd trees
in the excavated channel downstream from
the stilling basin. Other drums could not be
.accounted for and it was presumed that these
too had passed through the s~illway and on
downstream.

Despite its size and demonstrated force.
the vortex caused no apparent ill effects on

the structure or its operation. An audible
gurgling sound accompanied the vortex ac-
tion but this sound was easily drowned by
ordinary conversation. wind noises, or other
normal sounds. The force of the vortex did
not extend appreciably beyond the visible
limits of the swirling water. although a small
boat passing close to the vortex would prob-.
ably be endangered. Evidently if the spill-
way piers had been shorter or eliminated
altor;;ether. the vortex and consequently its

FIGURE 51-No vortex was observed when the water surface in the shaft was below
reservoir level. Elevation here was 2277.8, about 1 foot above suh~ergence.
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effects would have been larger. face. No vortex action could be detected
below elevation 2279. Figures 49, 50, and
51 show spillway performance and vortex
action at three different headwater elevations.

".

When ice was not covering the spillway
area, vortex action occurred continuously
from reservoir elevation 2298 to about ele-
vation 2285. Between elevations 2285 and
2 2 79 vortex action was sporadic and was
affected by the turbulence in the spillway
opening and by waves on the reservoir sur-

4. Vibration. - -Throughout the flow
range no vibration could be felt in the struc-
ture. While the opportunity to get close to
the spillway tunnel was less than at Heart

160 7

20
°0 2 3 4- 52270

SPILLWAY DISCHARGE - THOUSANDS C.F.S. -(CURVES 1,2,83)

FIGURE 52--Air demand and spillway discharge curves for &':1adehill Dam.
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FIGD?..E 53--Trickle of water droppi.'1g straight down into flow at tunnel portal
shows that air flow through the tunnel was not sctficient to deflect the
trickle. Straw dropped into the flow showed only slight air movement.

Butte, vibration was not perceptible in the
parts that were accessible. Despite the pound-
ing or the water in the stilling basin, no vi-
bration of the stilling basin walls could be
felt.

5. Debris. --The reservoir was remark-
ably free of floating debris. The dead tree
visible in the photographs of spillway opera-
tion was the only large piece in evidence
throughout the flood. This tree became lodged
against the outside periphery of the spillway
and piers but had no noticeable effect on spill-
way performance. On the morning of May 1,
1952, the falling reservoir exposed a large
portion of the tree, and it apparently toppled
over and was passed through the spillway.
Observers watching the tree trunk float down-
strea..m after passing through the tunnel esti-
mated its over-all length as about 30 feet.

6. Tunnel air demand. --The quantity of
air entering the 18-inch-diameter vent located
at the base of the deflector in the vertical
shaft, figure 38, was measureCl using an ane-

mometer held in the 18-inch-diameter intake
pipe located at ground level just upstream
from the stilling basin (figures 37 and 57A).
The lineal feet of air flow was measured for
six different discharges using an anemometer
well braced in the pipe. Each measurement
was sufficiently long to establish an average
value~ The quantity of flow was then com-
puted and plotted against water discharge
(Curve 2 of figure 52). The maximum air
quantity measured was 141 second-feet and
occurred for a water discharge of 2, 400 sec.
ond-feet. The corresponding velocity in the
air pipe was about 80 feet per second. Since
air vents will work satisfactorily with veloc-
ities up to about 300 feet per second, this
air demand is regarded as moderate. The
spillway rating curve is included a::; Curve 3
in figure 52 to show the relationship b~twe~n
air and water discharges. Curve 1 shows
air flow as a percent of the water flow. To-
gether, Curves 1 and 2 show that the quantity
of air increases with increasing discharge
until the water flow reaches about 2,400 sec-
ond-feet, then decreases rapidly until after

"
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FIGL1RE 54--0verall head loss through Shadehill service spillw'aY strllctill'e.

the spillway submerges, or until the water
flow is about 4,000 second-feet. Air flow
then increases with water flow.

.

Attempts to rationalize the quantity of
air flow over the measured range have met
withlittle success. Air can and probably does
enter the tunnel through the spillway shaft
until the spillway submerges. It is possible
for air to enter from the tunnel portal at all
times, but observations and tests made at
the tunnel portal showed that air entered the
tunnel portal only occasionally during flows
of the order of 5,000 second-feet. Handfuls
of straw dropped down the face of the head
wall at the tunnel portal usually fell straight
down to within a few inches of the water sur-
face, then were deflected downstream a foot
or two before striking the water surface.
Water dripping from a drain pipe fell straight
down at all times (figure 53). and was not de-
flected by the air .currents. Part of the straw
was occasionally drawn into the tunIlel at the
tunnel crown, indicating an occasional slight
movement of air along the crown in an up-
stream direction. At the same time there
was a downstream motion of air close to the
water surface.

7. Spillway head loss. --Flow emerging
from the tunnel had a relatively smooth, level
surface and was not excessively insufflated,
see figure 53. This made it possible to obtain
reasonably accurate depth measurements at
the portal. The depth was determined for
eight discharges of from 1,300 to 4, 700 sec-
ond-feet. When plotted against discharge
the depths made a smooth curve (figure 54).
The average velocity at the portal was then
computed from the discharge and flow area,
and is plotted against discharge in figure 54.
Theoretical velocities at the portal were
computed assuming no head losses through
the structure; these are also shown plotted
against discharge in figure 54. The result-
ing velocity curves are parallel, indicating
a difference between theoretical and actual
velocity of about 10 feet per second. At 4, 700
second-feet this amounts to a head loss of
21 feet, or 31 percent. At 1,500 second-feet
the head loss was 17 feet, also 31 percent.
Losses were also computed from data obtained
during the model tests. Using the model depth
of 6. 3 feet for 5,000 second-feet, and reser-
voir elevation 2297.3, the head loss was
computed to be about 20 feet, an over-all loss
of 27 percent. Tnis compares favorably with

51



the 31 T'CY'C:z;:Lt hC~~ld lo~s ;:nuasure:c In the
prutot)rpe

'.
~rhest:; figli:r:e~~ indicate that the

model,. Dl.L,LL: tD 3. scale 01' 1:23" 5

traD.Sr>arc:rt
prO'totyl.iC" as and
en.f:I"g::;/ j.0SSf:S~

~5.. SU.1lj.Jlf} basi.n perI'orrnance" -
""-the hydra'u.lic model tests.t a basil'!, was d(2-

VeIopl"<l and recorn.rnended for field construc-
tion that W2S "t)elieved to be the minLilUffi
basin possibl.e ror good perforru.ance at maxi-
mum discharge. To reduce the cost of the
basin it was proposed, however, that a basin
14 feet. shorter than the recomrnended be

tested.. This shorter basin was not as effec-
tive as the 1Ja~;in in providing sr.o.ooth
flow in the Cha!lnel.} hut it ,vas deen1.ed that
the shortey' basi.n '\-\foule provide a.dequate

to prevent channel hottom
the \v-aves and Sl.lTf(:iee

energ--i

erosion E::V(:rJ
disturbancesv..'oul.d be more evident" Ifhe
shorter basin was adopted after the model
tests had been completed. During prepara-
tion of the construction drawings it becam e
nec.essary to the upper en~ of the
basin somewhat and consequentlythe basin
constructed in the field \A:as not identical to
the one model-tested. Figure 39 showsmodel
and prototYDe basins and indicates the dif-
ferences i.n dinlensions"

Figures 55 and 56 show 'water surface
profiles the prototypestilling basin
wail fOT between 1" 300 and
4~ 700 sec.ond-~feeti 55 also shov;s the
water ;::uI'face the center line
of the modeL for a discharge of 5~000 second....
feet. A comparison of the profiles indicates
that the d.ifferences in model and prototype
b.t'iSir;.S,caused little di.fferences in the expec~ted
profile, a,nd that lOY'all purposes

the basin performance ~~ras

by- the n1.Gdel tests"satisfact(JI"'l ~::v

~~~~~:.e (~{~:r:~~1~e~:1~~1:~:~(~~; :'~dt~~(~~~;:~~~
River. F'lDV'ithroughout t.~e expandir1.g tra,nsi-
tiOTl of the basin \vas 'WE.iT dist:citrutea

a.1ifl tc, be of L.1.e Sa.lYH~gen-
era} pattern as that observed in the IT1.odel.+

see 57B. r.fhe fin.s a.lon~:7 OftCn side wall

both :rr..odeJ. Lindwere Dresent

As at :Heart Butte ~l considcra'ble a.rnount
of 1N8.ter into the air ~ rnost.ly at the
point where the now plunged beneath the tail-

\i\'ater ~ ti8n there Vias no \vind the spray
1':::2.1back into the basin; at other times the
spray Vilas ca.rried La n.l'c::as adjacent to the

b~isin.. 'tIndcl' the ViorS1 the back- .
the fill the basin w~\.lls, down..c;tream

bf;(~a-ITIemuddy andfrorn th.e toe of thc'
diffie1l1t to v/2.1k on.. I1o\vcver,~ no washing of
the backfill or other danlage was evident,
see 57B.,

The Close grouping of the profiles of
figures 55 and 56 is probably caused to s6me
e>..1:ent the extremely turbulent water sur-
face in tlle basin. Part of the hydraulic ju.'Tlp
vvas shrouded in mist and the surface rose
and fell as much as 10 feet at the toe of the
jU!:o.p, making it difficult to obtain an aver-
age profile. At the end of the ju..."Ilpthe sur-
face was more quiet, but a large boil was
evident over the end sill with surface fluctua.-
Hons of severaI feet. The boil was more
p.roITtinent than expected and later investi-
gations indicated that the river tail-water,
which was lower than that used to design
and testthemodel basin..s.. was a. contributing
factor.

D. Tail-water elevatiorls. --During spill-
way operation it was rea.dily apparent that
the tail-water elevation in the downstream
portion of the excavated channel and in the
river WhS lower than expected from the tail-
water curve computed prior to construction
of the dam. This was not so apparent im-
mediatel:y downstream from the basin be-
cause the turbulent boils extended into the
downstream channel (figure 58A). Profiles
taken throughout the length of the excavated
channel for seven different discharges indi-
cate that the tail-water was at least 1 foot too
low at. the end of the basin measured at a
point 5 feet t.o the left of the left training wall
on the downstrearn face of the BOo wing wall,
and 2 feet too low 20 feet. to the left. The.
exact deviation could not be determined at
these beeause of the boil~ and its ef-
fects dm,'nstrearn and lateraIly at the end of
the basin. At a point 110 feet downstream
from the basin, the profile indicated that the
tail-water was 1.2 feet he low the expected
elevation for 5, 000 second.-feet. Where the
eXG2vLted ci-'.anne1. emptied into the river the
tail-water Vias about 3 feet too low, (figure
58). Since the computed taU-water curve
was for the rivercham1el and not the exca-
vated chaJ1l1el, it was e>..'peeted during model
testing tl-.at tail-water elevations at the basin

..
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EXPLANATION
Average prototype profile for 4000 c.f.s.
Mode I profi Ie for 5000 c.f.s.
Prototype profile (Apri I 28, 1952J for 4050 c.f.s.
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FIGURE 55--Compa.rison of water surface profiles of model and prototype spillways.



EXPLANATION
April 30,1952- 3950 cf.s.
May 3,1952 - 2500 cf.s.
May 5,1952- 1300 c.f.s.
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A--Stilli.!'lg basin, excavated ChanJlel, and the Grand Rive::" on April. 24.
Air i.!'ltake structure in the foreground.

&--Stilli.!'lg basin performance showi.!'lg turbulence at the toe of the
hydraulic jump and fi.!'ls along walls of the transition. Spray from
the jump caused wet areas adjacent to the walls.

FIGURE 5?--S:hadehill spillway stillL"lg basin dischargi.!'lg 4,1.00 cfs.
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A--Eoil &.t end of still:L.YJ.g basi..'1 extended into excavated Channel.,
making exact determine. tioD of tailv.tater elevation d ifficul t.

B--Erosionof cr£.nnelbanks isolated trees &nd w~~ened the channel.
Far barl..'k:was eroded by eddy cutting behind. riprap" Con drl1."'n.s caught.
b: trees were part cf safety boom tr2t had passed through spillway.

?IGL11E 58--Sb.adehill spillwa'.l stilling basiIl discharg:L.~g 4,600 cfs.
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would be higher than the values shown on the
computed curve. Because these tail-water
elevations were lower, rather than higher
than those anticipated, the operation of the
s tilling basin was adversely affected to a
greater extent than the figures above indi-
cate.

This low tail-water caused the boil at the

end of the basin to be higher, the surging in
the basin to be greater, the velocity of the
flow leaving the basin to be higher, and the
wave action to be greater than would other-
wise have occurred. Also, the velocities
throughout the excavated channel were higher
b eCRuse of the steep water surface slope
between the end of the basin and the river
channel (figure 58B). Had the true tail-water

.

2206

2204

Jo,

:z
0
....
«
> 2202
lLJ
...J
lLJ

Q:
lLJ
....
«
~ 2200

J

Ii.."."'" ....
...'" Oi, I

«....
,"'"

0"'"

2198

21960 2 3
Q IN THOUSANDS OF C.F.S.

4 5

0 Prototype river T.W. /430' downstream from basin
r::. Computed tailwater curve used for design and
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FIGURE 59--Computed and actual tail water curves for service spillway at Shadehill.
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elevaUo115 been lmown during thE; model tests,
the entire basin wouLd have bCE;l1 set 3 feet
lower to eliIni!late the excessive difference.

It is fortUI1i:ite that the excavated channel
was not sufficiently wide and deep to aJlow
the tail-water at the stilling basin to approach
the elevation of the river surface, see figures
55 and 56. Had this occurred the jump would
have been near the sweep out point and the
energy dissipating ability of the jump would
have been greatly reduced. Serious damage
to the structure could thereby have occurred.

10. Erosion below the stilling basin. --
Despite the low tail-water conditions there
was no significant bottom erosion as a re-
s ult of the flood. Apparently, the bottom
velocities after passing through the jump
were directed to the surface by the end sill,
producing a boil on the surface rather than
erosion on the channel bottom. The chan-
nel bottom was protected for 100 feet down-
stream from the end of the basin, however,
by dumped riprap 3 feet thick. The riprap
was fairly well graded in size irom fist-size
pieces up to 24 inches in rnax:L'num dimen-
Slon.

Figure 60shows the contours of the chan-
nel bottom after the flood. Although exact
elevations of the bottom before the flood oc-
curred are not known, it is certain that no
significant erosion occurred. This was as
predicted by the model tests.

The :model erosion tests were made using
a movable sand bed consisting of well graded
sand (0.5 b 2.0 mm mean diameter), with
no rim'ap protection on the bank.."'! or channel
botto~, -and. also with a movable bed of sta-
bilized sand. 'The stabilized sand was com-
posed of a cured m.ixture ofsand and cement
havill,S; a resistance to erosion equivalent to
the estim.ated res.istance of theprototype
chan.'1el material. Both model tests showed
bottom erosion abom 1 foot below apron ele-
vation at the apron corners for a discharge of
5,000 CIS second-feet (figure 41B). The tests

al"o indicated t1:Jat severe b3.l:..Kerosion would
occur un.lf~Ss riprap protection were
provided. Bank erosion occu.rred in the pro-
totype.

'TIle :flow after the boil at the end
of the pro1.:Jtype apron accelerated rapidly
because of the differencE' in elevation between

the top of the hoil and the channel water sur-
race, It was this velocity combined with the
waves generated at the end of the stilling
basL'1 which produced the erosion of the chan-
nel banks.

(

The right bmk of the channel consisted
of;.:, low riprapped slope more or less parallel
to the basin training \valls, as shown in fig-
ures 60 and 61. The two trees located about
6 and 8 feet from thebank lbe in figure 61,
were on dry lan.d before the outflow started.
Tne left baw\: was a higher and steeper slope
about 15 feet righ., and was riprapped for 100
feet downstream. Near the end of the riprap
the left bank started a sweeping curve to the
right as shown in figure 81.

t

During operation the riprap on the right
bank was SOOii submerged and the waves be-
gan to erode the soft earth. The trees were
undermined aIld a new channel cut to the right
of the trees (figures 58 and 62B). The sur-
face velocity a..'ld waves attacked the left bank
just downstream from the end of the riprap,
causing rapid decay of the soft material for
several hundred feet dov.-n.stream. A sizable
area was eroded at the end of the riprap,
causing an eddy to form in the area. This
action became progressively more violent
and the eroded area enlarged illltil the riprap
was attacked from behind. The effective-
ness of some of the riprap was lost, since
it slumped into a low pile, see figure 62A.
It was estimated that t...1-teleft bank line down-
stream from the riprap had receded as much
as 80 feet as a result of the combined veloc-
ity, wave, and eddy action. The waves that
were partly responsible for the left bank
da.'I12.ge were similar to those shoV\.'D.ill figure
58.

The hank daIn.a£.:;e in. itself was considered
inconsequential 1.>1that the Jam: in the immedi-
ateareawas expendable, However, the bank
damage cau..'Sed concern becauseof the possi-
bility of the tail-water being f1lrlher lowered
and further aggravatL"1g operation of the still-
ing basin. The extent of erosion of the banks
is evident b figure 60. To repair the bank
dama.ge, a band of riprap 50 feet long was
placed across the char..nel bottom and up the
channel banks. rne right bank, figure 62B,
was replaced to an elevation h1gher than the
origin;::.! and riprapped to prevent widening
of the channel. Riprap was also placed along
the left bank beyond the proposed 50 -foot
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FIGURE 6o--Flood erosion and repairs to spillway' outlet channel following 1952 flood.



Before 1<-:loOQ
DO~lstre~~ area before significant ballie :..;:;-~;c c erred
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After Flood

FIGu?..E 61--C~s.nnel erosion caused by 1952 flood at ShadehU:;" Da.m.
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A--P~1 eddy L~ the foregrourn area caused erosion of the ba~~.
was attacked from behind.

Riprap

~

~,

B--Low right bank was completely disbtegra.ted. Trees to which the
branches at right belong were on dry land before the flood.

FIGURE 62--Erosion of excavated channel banks by 1952 flood at Shadehill Da..:n.
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extensi em .a.nd in other locations where it ap-
peared thai; the existing riprap needed rein-
forcing. These repairs should prevent fur-
ther lowering of the tail-water during future
floods.

Inspection of the Prototype After the Flood

After flow through the spillway had ceased
and it was possible to enter the spillway tun-
nel, eng'...neers from the project inspected the
exposed surfaces of the concrete structure.

Concrete generally WaS found to be in very
good condition 3.>'1dL're sel~;ice spillway should
pass otber floods of equal magnitude of the
1952 flood with no serious d3.>-nage. Indica-
tions are that the major pCTt::on ;f the rather
superficial damage in the tunnel was caused
by disintegrated portions 01 a safety boom of
concrete block anchors, cables, andoil drums.
Portions: oJ this rer.ctainE:d dangling in
the spillway entrance after the flood while
other portions had broken cables and passed
tb "Ough. No evidence of cavitation was found.
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